Introduction
Mesenchymal stem cells (MSCs) are recognised as offering much promise in the areas of tissue engineering and regenerative medicine due to their ability to be differentiated to specific tissue forming cell types. Intense research effort has been directed towards examining bone marrow mesenchymal stem cells (BMMSCs) for applications in bone-tissue engineering (1, 2) . By contrast, periodontal ligament stem cells (PDLSCs) are a relatively more recently described population of MSCs and have been shown to be both highly proliferative and multipotent (3) . PDLSCs also represent a promising source of stem cells owing to the relative ease in obtaining them compared with bone marrow harvesting. Within the field of dental implantology, PDLSCs have the potential to perform an important role during the osseointegration of devices when placed into fresh extraction sites (i.e. 'immediate' implant procedures). In addition, they also represent a source of stem cells for regenerative medicine applications, that could be applied around dental implants in areas where there is initially insufficient bone. Initial investigations have shown the potential of utilising PDLSCs to assess osteoblastic differentiation on various titanium surfaces (4) (5) (6) (7) . However, their behaviour in contact with bioactive materials such as hydroxyapatite (HA) and associated calcium phosphate (CaP) systems is less well understood.
In general, in vitro investigations examining the osteoblastic response of MSCs from various sources use an 'osteogenic culture media' with chemical additives such as β-Glycerolphosphate employed as supplements to promote biochemically initiated osteoblastic differentiation. There is inherent ambiguity in such models as the associated osteoblastic phenotype that develops is not attributable to cell-substrate and/or cell-cell processes that normally regulate differentiation.
Biomaterial surface-mediated events have previously been shown to directly trigger the commitment of undifferentiated cells toward an osteoprogenitor lineage and have been developed to offer an alternative starting point for osteogenesis (8) . Therefore, experimental models where surfaces that possess specific physical and chemical properties that can induce the osteoblastic differentiation of MSCs without the need for chemical supplementation in culture media are of increasing importance.
In this regard, specific forms of nanotopography created on titanium surfaces have been shown to induce direct osteoblastic differentiation in BMMSCs (9) . Furthermore, augmentation of such nanotopography with a bioactive chemistry, specifically that provided by HA and other CaP systems, has been shown to provide significant benefits in terms of enhanced osteoblastic differentiation (10, 11) . HA has the potential to induce both osteoconductive, and osteoinductive cell responses and therefore represents a well-established platform to deliver the appropriate surface cues for direct stem cell differentiation (12) . In order to produce specific titanium nanotopography and attendant CaP surface chemistry properties a range of deposition techniques have been investigated including plasma spraying, pulse laser deposition (PLD), and radio frequency (RF) magnetron sputtering. RF magnetron sputtering, in particular, has been proven to be a particularly effective technique in this regard. Using appropriate titanium and hydroxyapatite sputter target materials provides for a Ti layer with a form of polycrystalline nanotopography and a CaP coating both as individual surfaces and in combination, i.e. bioactive CaP on Ti nanotopography. By varying the deposition parameters, the interface between the substrate and the coating can be manipulated to provide the conditions necessary for direct MSC differentiation (13) . To date, most of the work in this area has focused on the application of RF magnetron sputtered Ti/CaP for control of the behaviour of BMMSCs (11) . Hence, the utilisation of RF magnetron sputtered Ti/CaP surfaces to manipulate and understand PDLSC behaviour is novel.
The central aim of this study is to examine the osteoblastic response of PDLSCs to three titanium test surfaces: an abraded titanium control surface (cpTi); a polycrystalline titanium surface, with both micro and nano-topography produced by radio frequency magnetron sputtering (TiTi); and the same surface incorporating a sputter deposited calcium phosphate coating (CaP-TiTi). In particular, the work reported here focuses on the delivery of surfaces with specific nanotopography and chemistry that have proven effectiveness for the direct (surface mediated) differentiation of stem cells. All of the surfaces produced were characterised in detail using Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS), and Atomic Force Microscopy (AFM), in order to fully define the topography and surface chemistry created. The PDLSCs were cultured on the surfaces in the absence of any osteogenic supplement in the growth media. Osteoblastic responses were assessed for up to 21 days in vitro by measurement of real time q-PCR gene expression of alkaline phosphatase (ALPL), collagen type I alpha I (COL1A1), runt-related transcription factor (RUNX2) and secreted phosphoprotein 1 (SPP1).
Additionally, Wnt signalling pathways were assessed by measuring gene expression for β-catenin (CTNNB1) and Wnt Family Member 5A (WNT5A). Functional assessment of intracellular alkaline phosphatase (ALP) enzyme activity was also carried out. To the best of the authors' knowledge, this represents the first significant report of osteogenic differentiation of PDLSCs to these specifically defined surface cues in the absence of biochemical supplementation of media with osteogenic factors.
Materials and Methods

Sample Preparation
For this study 15 mm x 15 mm x 0.5 mm coupons of chemically pure titanium (cpTi), (Titanium International Ltd, UK) were abraded using a succession of 800, and 1200 grade SiC papers in order to prepare the surfaces to a consistent finish. The coupons were twice sonicated for ten minutes each in acetone, isopropyl alcohol and distilled deionised water. The abraded coupons were then dried thoroughly in a convection oven at 70°C for twelve hours. From these samples, a range of different surfaces were prepared using RF magnetron sputtering. As detailed in Table 1 , the final sample types were abraded and cleaned chemically pure titanium surfaces (cpTi); polycrystalline titanium coated on the cpTi surfaces (TiTi); and calcium phosphate sputter coated onto the TiTi surfaces from a hydroxyapatite target (CaP-TiTi).
Sputtering Procedure
For details of sputtering procedure see Supplementary information S1. (14) . Photoelectron spectra were further processed by subtracting a linear background and using the peak area for the most intense spectral line of each of the detected elemental species to determine the % atomic concentration.
Characterisation of the Ca-P Powders and Coatings
The surface topography was evaluated using a Digital Instruments Dimension 3000 Scanning Probe Microscope (SPM). The surface was scanned in tapping mode over 10 µm x 10 µm area using a force modulated etched silicon probe (FESP) with a nominal force constant of 0.28 N m -1 . A high frequency (75 kHz) z-oscillation was imposed upon the probe during x-y raster scanning, which provides for intermittent contact between the probe and the sample surface. This eliminates shear forces because the probe is not in constant contact with the sample. The images were collected as false colour plots and subjected to minimal computational manipulation, allowing only for a tilt removal.
In vitro analysis
Explant procedure and isolation of periodontal ligament stem cells
Ethical approval was granted for the collection of teeth from the School of Dentistry, Belfast Health and Social Care Trust by the Office for Research Ethics Northern Ireland, (Approval Number 08/NIR03/15). See supplementary information S2 for explant method and stem cell isolation.
Osteogenic gene expression of PDLSCs on test surfaces
To investigate the effect on osteoblastic gene expression from PDLSCs in contact with the various samples, cells were seeded in triplicate on each of the test surfaces at a density of 1 x 10 4 /ml. At days 7, 14, & 21 coupons were carefully removed from their culture well and rinsed twice with cold phosphate-buffered saline. RNA was extracted using a RNeasy mini kit (Qiagen, UK) according to the manufacturer's instructions. RNA yield and purity was assessed on a Take3 plate (BioTek, USA). Following this, cDNA was synthesised using the SuperScript vilo cDNA synthesis kit (Invitrogen, UK). The prepared cDNA was subsequently frozen (-80°C). Real-time qPCR for ALPL, COL1A1, RUNX2, and SPP1 was carried out on a Stratagene PCR machine (Agilent Technologies). Normalisation of results was achieved utilising the house-keeping genes Beta-2 microglobulin (B2M) and glucuronidase beta (GUSB) and deriving the geometric mean of these. Table 2 . Sequence amplification was performed as follows: denaturation at 55°C for 2 minutes and 95°C for 10 minutes followed by 45 cycles of 95°C for 30 seconds and 50°C for 1 minute. The relative gene expression was calculated by the 2 -∆∆CT method.
Primer information is listed in
Results are reported as fold change of gene expression compared with the Ti surface (cpTi) at day 7, which was used in all experiments as the control value.
Wnt signalling pathway gene expression of PDLSCs on test surfaces
Similarly, to the protocol described in 2.4.2., real-time qPCR was used to investigate potential activation of Wnt signalling pathways by studying gene expression of CTNNB1 (canonical pathway) and WNT5A (non-canonical pathway). Primer information is listed in Table 2 . Gene expression was measured for the three test surfaces towards the later stages of differentiation on days 14 and 21. Normalisation of results was again achieved utilising the house-keeping genes B2M and GUSB. Results are reported as fold change of gene expression compared with the cpTi surface at day 14.
Alkaline phosphatase (ALP) activity of PDLSC on test surfaces
To further assess the development of an osteoblastic phenotype from PDLSCs grown on the three test surfaces (cpTi, TiTi, CaP-TiTi), an ALP activity assay was performed on days 7, 14, and 21.
Briefly, 1 x 10 4 /ml PDLSCs were seeded in triplicate on each test surface. At each time point the coupons were carefully removed from their wells and put into a fresh 12-well plate, to avoid including cells growing around but not on the coupons. Surfaces were rinsed with PBS twice, and then lysed using 150µl of lysis buffer (0.2% Triton X-100), followed by a 15-minute incubation period at 37°C. The surfaces were then scraped to remove the lysed cells, which were then transferred to 1.5ml tubes before vortexing and centrifugation at 4°C for 10 minutes. Supernatants were collected for quantification of ALP activity (Sigma-Aldrich, UK). ALP activity was normalized to total protein content, measured using a BCA protein assay kit (Pierce, Rockford, IL, USA), and the results were expressed as ηmol PNPP /min/mg protein.
Statistical Analysis
As indicated, all experiments were carried out in triplicate and results represent two independent experiments. Data points were analysed at 7, 14, & 21 days. One-way analysis of variance was used to determine statistical significance between gene expression for the samples and a Tukey post hoc test was used to determine significance between pairs of sample means. ALP activity data was analysed by the Kruskal-Wallis test for independent samples, followed by Dunn's test for multiple comparisons. The level of statistical significance was set at p<0.05. The statistical analyses were performed with IBM SPSS Statistics for Windows (IBM Corp. Released 2012. Version 21.0.
Armonk, NY).
Results
Characterisation of the Ca-P Precursor Powders
The HA target precursor powder was characterized using FTIR, XRD and XPS to determine the nature of the material prior to sputter deposition of the CaP coatings used in this study. The results obtained were comparable to those described previously for similar HA powders (15) . From these findings it is clear that the purity, crystallinity and stoichiometry of the powder was as expected and confirmed the material was a carbonated from of HA.
Characterisation of the Surfaces
The FTIR spectrum for a CaP coating sputtered from HA target is shown in Figure 1 . Well resolved P-O stretching vibrations were observed as expected between 1100 -950 cm -1 . O-P-O bending vibrations are also present between 620 -560 cm -1 . Hydrogen phosphate bands (HPO 4 2-) can also be observed at 1122 and 582 cm -1 (16) . A very weak O-H libration band is observed around 632 cm -1 as a weak shoulder, with a further peak associated with O-H groups observed at 3570 cm -1 . This peak may be associated with O-H stretching groups within the film (16) . The absence of strong -OH functional groups, commonly observed at approximately 632 cm -1 and 3568 cm -1 , indicate that a degree of dehydroxylation has occurred within the CaP crystal structure deposited from the HA target under the conditions employed here. Peaks indicative of CO 3 2species were also observed in the FTIR spectrum for Ca-P coating between 1550 -1400 cm -1 .
The XRD pattern for the control substrate (cpTi) after abrasion was consistent with that observed for the International Centre for Diffraction Data (ICDD) file #44-1294 for titanium, as shown in 18 ). In addition, the peak observed at 453.5 eV (Ti2p 3/2 ) would normally be associated with metallic titanium (18, 19) . The presence of a surface oxide layer is further confirmed by the nature of the high-resolution O1s spectral envelope, which clearly shows a strong contribution from TiO 2 at 530.4 eV. The contribution on the high B.E. side of the O1s peak at 530.4 eV may be a consequence of the presence of oxygen from organic species and/or OH groups (17, 18) . Similar results were observed for the sputter deposited titanium layer (TiTi). However, in this case the contribution from the TiO 2 (459.0.0 eV (Ti2p 3/2 ) and at 464.7 eV (Ti2p 1/2 )) is more dominant than that for the metallic state in the Ti2p high-resolution spectral envelope (which was not detected here Table 3 and correspond closely to those reported for HA in the literature (14) . The Ca/P ratio for the CaP coating was 1.74 ± 0.14, as reported in Table 4 , which is in close agreement with that expected for stoichiometric HA (1.67).
AFM analysis of the cpTi surface after abrasion indicates the presence of random abrasion scratches running across its surface. These features dominate the substrate surface and range in width from 0.5 -2.0 µm. Small hillocks, pits and fissures, which vary in size up to 5.0 µm, are also seen regularly across the surface, particularly between the abrasion scratches, as shown in Figure 6(a) .
For TiTi surface, titanium crystallites of 0.39 ± 0.05µm in diameter were observed across the surface and seem to have formed preferentially around the more prominent surface asperities on the substrate, as illustrated in Figure 6(b) . These surface features were seen to range between 0.25 -0.5
µm. It is also apparent that there has been significant in-filling of the larger pits and abrasion scratches on the substrate surface by the sputtered Ti layer as observed by a decrease in the surface roughness values when compared to those obtained for the control cpTi surface, as highlighted in Table 5 . The sputter deposited CaP coating on the TiTi surface exhibits more regular sized columnar features across the coating surface of diameter 0.32 ± 0.07 µm. These features were found to range from 0.2 -0.43 µm in diameter. Again, the surface roughness for the CaP-TiTi surfaces was again seen to decrease with further apparent in-filling of the pits and abrasion scratches on the substrate surface.
In Vitro Results
Osteogenic gene expression analysis
The osteogenic phenotype of the PDLSCs following culture on each of the three surfaces was confirmed at the transcriptional level by genes encoding ALP, COL1A1, RUNX2, and SPP1. 
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This article is protected by copyright. All rights reserved. Figure 7 shows the fold change in gene expression for each gene relative to that for cpTi surface at Day 7 which was used as a calibration value. For ALPL there was up-regulation for PDLSCs cultured on both the cpTi surface and CaP-TiTi at day 14. This was followed by a significant downregulation for the CaP-TiTi surface by day 21, whereas the cpTi surface continued to exhibit further up-regulation of ALPL. Despite the fact that the fold changes in gene expression were generally lower for COL1A, significant differences in expression were observed across all three time points.
RUNX2 also displayed relatively low fold changes, with significant differences between the surfaces only seen at day 21. The largest fold change value was observed for the SPP1 gene, where there was a significant up regulation of x16.9 for the CaP-TiTi surface at day 21.
Wnt signalling pathways, gene expression.
Wnt signalling was investigated at the transcriptional level by the genes encoding CTNNB1 for the canonical pathway, and WNT5A for the non-canonical pathway at days 14 and 21. Figure 8 shows the fold change in gene expression for each gene relative to that of the cpTi surface at Day 14 which was used as a calibration value. A significant upregulation was observed for both CTNNB1 and WNT5A genes on the CaP-TiTi surface at days 14 and 21 respectively.
Alkaline Phosphatase Activity
At days 7 and 14 there was no significant difference between ALP activity on any of the three test surfaces compared to the control (Figure 9 ). However, a significantly higher degree of ALP activity was observed for the CaP-TiTi surface by day 21 when compare to the cpTi and TiTi surfaces.
Discussion
The differentiation of mesenchymal stem cells (MSCs) to various lineages can be modulated by a variety of signals including chemical cues, biomechanical cues, and biophysical cues. Studies investigating the influence of biophysical cues, specifically micro-and nano-topography, have demonstrated the robust role this effect has on dictating the cell fate (19) . Surfaces which incorporate both chemical and physical properties are of increasing interest as they offer the potential to engender responses for specific cell applications (20) . In this study we examined the response of PDLSCs to three test surfaces: an abraded titanium surface (cpTi) control; a polycrystalline titanium surface, with both micro and nano-topography produced by radio frequency magnetron sputtering (TiTi); and the same surface incorporating a sputter deposited calcium phosphate coating (CaP-TiTi).
The cpTi control surface is a physically abraded surface, which incorporates pits, fissures and hillocks with features that were up to 5.0 µm across as indicated by AFM analysis. XRD and XPS analysis confirmed that these surfaces were indeed pure titanium and contained no detectable impurities. The corresponding TiTi surface, which incorporated sputtered deposited polycrystalline titanium, had the effect of reducing the surface roughness, indicating that in-filling of the surface occurs as a consequence of the sputtering process. In addition, micro-crystallites of titanium in the range 0.25-0.5 µm across are visible right across the surface, particularly around surface asperities, where the surface energy will be lower. XPS showed that the TiO 2 contribution here is more dominant than that from the source metal. Low levels of nitrogen were also seen to be present on this surface. XRD highlights that the TiTi surface exhibits a clear 002 preferred orientation. These results suggest that although the TiTi surface is predominantly titanium, its surface chemistry and topography is different than that of the cpTi control material. The CaP-TiTi surface had a much reduced surface roughness compared to either the cpTi and TiTi samples. The micro-crystallites seen for the TiTi surface again occur homogeneously across the entire sample confirming that the CaP coating conforms to the this polycrystalline topography (21) . It should also be noted that the CaP coatings were thermally annealed to 500°C, as coatings sputter deposited under the conditions employed here are typically amorphous in nature, and inherently physiologically unstable (14) . The chemistry of the sputtered CaP detected here reflects the low sputtering power employed (150W), as such coatings have been shown to contain only HA-like properties with no other additional CaP phases or by-products presence (16) . This means that this coating is consistent with the requirements of various international standards (ASTM 1185-03(2014), ASTM 1609 -(08)2014
and ISO 13779 (Parts 2 and 3) ). The Ca/P ratio of the CaP-TiTi sample was determined to be 1.74 ± 0.14, which is slightly higher than would be expected for pure hydroxyapatite (1.67). FTIR analysis highlighted that there had been hydrogenation of the phosphate functional groups in the Ca-P films with concurrent dihydroxylation. It is suggested that this has a significant influence on the atomic ordering in the CaP coating that is still inherent event after thermal annealing (14) . A significant reduction in OHgroups means that the charge balance necessary within the crystal structure must therefore be provided by other means. HA (and CaP coatings) can undergo carbonate (CO 3
2-
) substitution within the crystal lattice at multiples sites. Most notably, A-type substitution for OHgroups, B-type substitutions for PO 4 3groups, or both (AB) substitution are acknowledged as providing for charge balance in the lattice structure of HA (21, 22) . It is now widely accepted that in natural apatite, B-type substitutions dominate (21) . Evidence for some degree of CO 3 2substitution here is suggested by the presence of these peaks between 1550-1400 cm -1 in the FTIR spectrum (Figure 1) . No evidence for the presence of CaO, Ca(OH) 2 or CaCO 3 was found in the XRD, FTIR or XPS analyses. Therefore, the CaP coatings produced here can be said to resemble something close to naturally occurring apatite rather than synthetic HA in that they contain carbonate and are both dehydroxylated and non-stoichiometric (23) . Furthermore, it is assumed that the material deposited here is not a calcium deficient hydroxyapatite (CDHA) material [Ca 10-X [(PO 4 ) 6-X (HPO 4 ) X ](OH) 2-X ], as this would result in Ca/P ratio less than 1.67 (21) . Furthermore, the presence of CO 3 2- is not seen in the CDHA system. The 
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results also show that the CaP-TiTi surface has a preferred 002 c-axis orientation. There is also a change in the relative peak intensities of the 211 and 112 peaks as would be expected for stoichiometric HA (Figures 2(c) and (d) ). These observations are in line with previous studies on sputter deposited apatites (18) . Other work has also shown that a preferred 002 orientation in CaP coatings can enhance the cellular response in vitro (13) , in particular for MSCs (24) . It has also been reported that the bioactivity attributed to CaP materials originates due to the actions of free Ca 2+ ions (25) . Based on these various observations, it is suggested that a possible formula for the coatings produced here is The SPP1 gene (also known as Osteopontin or Bone Sialoprotein 1), codes for a secreted protein which binds hydroxyapatite with high affinity. It is generally considered a late marker of osteogenic differentiation, although its expression is known to peak twice: firstly around day 4 during proliferation and secondly between days 14-21 during mineralization (31) . In this study we observed a x17 fold increase in the expression of SPP1 by Day 21 for PDLSCs cultured on the CaP-TiTi surface. This again suggests that cells are entering a mineralisation stage of differentiation.
In addition to surface topographical cues, one of the important factors regulating cellular response is material solubility. This determines the type and concentration of dissolved ions in the cell environment. Previous work has shown that RF magnetron sputtering of hydroxyapatite onto titanium results in 'as-deposited' coatings that are typically non-stoichiometric, with slightly Ca 2+ rich surfaces (17) . Although the CaP surfaces here were thermally annealed to reduce their inherent solubility, it is still likely that some moderate dissolution occurs. This, in combination with the apparent 002 preferred orientation of the CaP coating produces a surface that is capable of releasing Ca 2+ ions, known to play an important role in cell proliferation and differentiation, into the localised ECM/media (32, 33) . Combining this with the micro-and nano-scale surface features that are produced by sputtering, offers a means for greater physical interaction between the cells and the CaP-TiTi surface.
RUNX2 is acknowledged as the central control gene within the osteoblast phenotype (34) . At early stage differentiation RUNX2 plays a major role in directing MSCs to the osteoblast lineage and triggering the expression of many extracellular bone matrix proteins (35) . Previous work has shown that Wnt signalling through the canonical and non-canonical pathways modulate multiple aspects of osteoblast physiology including proliferation, differentiation, bone matrix formation, and apoptosis (40) . Significant upregulation was observed for both CTNNB1 and WNT5A genes on the CaP-TiTi surface at days 14 and 21 respectively. This would suggest the enhanced osteoblastic response of the CaP-TiTi surface is likely occurring through these Wnt signalling pathways (both canonical and non-canonical). This finding is in agreement with a previous study which showed modifying the physical and chemical properties of titanium surfaces could differentially effect the expression of osteo-modulatory molecules in PDLSCs grown on them (41) . By carefully characterizing surfaces using the RF sputtering technique in the present study, we for the first time were able to demonstrate that it is the additional chemistry of CaP on nanotopographic surfaces (CaP-TiTi) rather than nano-topographic features alone (TiTi) that is key in generating the direct osteoblastic differentiation of PDLCSs in vitro.
Conclusion
The CaP-TiTi surface directly promoted the osteogenic differentiation of PDLSCs in the absence of osteogenic inducing factors in the culture media. Differences in gene expression behaviour associated with the osteogenic differentiation of the stem cells over a 21-day culture period were observed to be statistically significant on the CaP-TiTi surface when compared to both cpTi and TiTi samples. This was supported by in vitro analysis of ALP expression activity. Analysis of the CaP-TiTi surfaces indicate that it was comprised of a non-stoichiometric, carbonated, calcium rich (Ca/P ratio: 1.74) surface chemistry and that it is these properties which was likely to have been the key factors in driving the PDLSC down the osteoblastic differentiation pathway. Moreover, the data attained suggest that under the specific conditions applied, the topography present on the TiTi surface is not capable of directly providing an osteogenic response on its own. Hence, it has been shown here for the first time sputter deposited CaP coatings deposited on micro/nano-scale titanium topography can directly induce PDLSCs to an osteoblast cell lineage. These results support the promise of such surfaces for both the incorporation on dental device surface and as a means to create osteogenic cells for enhanced implant fixation with appropriate in vivo studies now required to confirm this enhanced osteogenic and regenerative potential. Tables   Table 1. Nomenclature for the surfaces prepared for this study. Table 2 . qPCR primer information Table 3 . XPS peak position data for the cpTi, TiTi and CaP-TiTi surfaces. 
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